Abstract-The effects of biased irradiation on Ge MOS capacitors with HfxZr1-xOy (0.43<x<1) gate dielectrics have been investigated. These devices were irradiated by a 662-KeV Cs 137 γ-ray radiation source with 0.5 V or -0.5 V gate bias. Prior to irradiation exposure, leakage behavior and bias-instability of HfxZr1-xOy films were also examined. Gate leakage current density increases with the increasing of Zr composition in gate oxide. In addition, Zr-containing dielectrics under positive bias exhibited more oxide negative trapped charges than that of HfO2, which suggested that the oxygen-vacancy concentration in HfxZr1-xOy was increased by the addition of Zr. Larger flat-band voltage shifts (ΔVFB) were extracted under positive biased irradiation than the bias only results. The results indicate that radiation-induced interface traps (ΔNit) are the dominant factor for ΔVFB in HfO2 thin films, whereas the radiation response for Zr-containing dielectrics under positive bias was mainly due to oxide traps. Under negative biased irradiation, ΔVFB was attributed to the combined effect of the net oxide trapped charges and the passivation of Ge dangling bonds at the Ge/high-k interface. Additionally, both bias-induced and radiation-induced charge trapping have a crucial effect on radiation response of HfxZr1-xOy at each dose level. HfxZr1-xOy is identified as a promising gate dielectric for advanced CMOS technologies.
I. INTRODUCTION
s the scaling of complementary metal oxide semiconductor (CMOS) devices requires the increase in gate capacitance for better channel control, while maintaining low leakage current, high-k gate dielectric material has been employed to replace SiO2 for nanoscale CMOS device applications [1] [2] [3] . Because of its relative high band gap and compatibility in contact with channel region, HfO2 has been considered as a promising candidate for high-k gate dielectrics in CMOS technology [4, 5] . However, the dielectric constant of HfO2 is not high enough to obtain the continued scaling of advanced metal oxide semiconductor field effect transistors (MOSFETs) This paragraph of the first footnote will contain the date on which you submitted your paper for review. This research was funded in part by the National Natural and Science Foundation of China under the grant no. 11375146 and the platform promotion for Suzhou Municipal Key Lab "New Energy Techniques" Yifei Mu, Qifeng Lu, Yuxiao Fang, Ivona Z. Mitrovic, and Stephen Taylor are with the Department of Electrical Engineering and Electronics, University of Liverpool, Liverpool L69 3GJ, UK. [6] . ZrO2 offers the benefit of a higher dielectric constant due to easier stabilization of its tetragonal phase as opposed to the monoclinic phase in crystallized HfO2. In addition, HfO2 and ZrO2 are chemically similar and thus completely miscible in solid state [7, 8] . It has been reported that the addition of ZrO2 into HfO2 gate dielectric stabilizes the tetragonal phase and enhances the dielectric constant [9] . HfxZr1-xOy dielectric is thus an attractive candidate for advanced gate stack applications. On the other hand, germanium (Ge) is of great interest as a promising channel material for future MOSFETs because it processes higher intrinsic carrier mobility (four times for hole and two times for electron mobility) compared with that of silicon (Si). Likewise, Ge applications can offer high compatibility with conventional Si integration technologies [10, 11] . However, a fundamental issue of the application of Ge in CMOS technology is that Ge easily forms unstable oxides GeOx on the surfaces, which can result in a poor quality interface between the Ge channel and high-k dielectrics and low carrier mobility in the channel. This technological issue has been overcome by the passivation of Ge surface, which can prevent oxidation formation during device processing [12] [13] [14] . It has been reported that sulfur passivation of germanium is very effective in preventing the formation of the GeOx at the interface, which can lead to superior Ge gate stack [15, 16] . The reduction of interface defects is attributed to the formation of Ge-S bonds and GeS species at the Ge/high-k surface. The electrical characteristics of Ge MOS devices with HfxZr1-xOy gate dielectric have been investigated in recent studies [6] . It has been reported that the interface trap density and subthreshold swing of Ge MOSFETs are clearly improved by the addition of ZrO2 into HfO2 gate dielectric. Therefore, Ge devices with HfxZr1-xOy gates could be promising candidates for advanced CMOS technologies and integrated circuits.
Advanced MOS devices employed in space applications are subjected to radiation exposure which can lead to device degradation and circuit failures. Several studies suggest that, unlike conventional Si/SiO2 case, a significant density of trapped charges can be observed in high-k dielectrics under long-term radiation and bias conditions [17] [18] [19] [20] [21] . Qualification of high-k dielectrics for space applications needs far more studies to evaluate charge trapping behavior and reliability performance. Consequently, it is important to characterize the radiation response of Ge MOS devices with HfxZr1-xOy. However, very little research has been done on the total dose effects of these devices. In this work, we have investigated the total ionizing dose radiation effect on HfxZr1-xOy thin films prepared by atomic layer deposition (ALD) deposited on (NH4)2S passivated Ge substrate. The measurements were carried out under continuous gamma-ray exposure with positive and negative bias. The bias instability of the HfxZr1-xOy gate dielectric with various ZrO2 content are also studied.
II. EXPERIMENTAL DETAILS
The samples used in this study were n-type germanium (1 0 0) wafers with a doping concentration of ~10 15 cm -3 . Prior to gate stack fabrication, germanium wafers were initially degreased by ultrasonic bath in acetone for 10 minutes, and then the degreased samples were ultrasonic cleaned in isopropyl alcohol for 10 minutes to remove grease or oil [15, 16] . The native oxides were then removed using a solution of HF: deionized water (1:50) for 30 seconds. The finally treatment involved a 15 minute (NH4)2S solution (0.1 mol/L) soak and deionized water rinse in order to passivate the Ge interface [15, 16] . HfxZr1-xOy thin films with various Zr/Hf ratio, were prepared at a wafer temperature of 200 o C by using ALD. Hf[(CH3)2N]4, Zr[(CH3)2N]4, and deionized water served as the Hf precursor, Zr precursor and oxygen source. Composition and thickness of the thin films were controlled by the various ratios of Zr:Hf precursor cycles. Aluminum electrodes were deposited by electron beam evaporation with 0.07 mm 2 gate area. The physical thicknesses of HfO2, Hf0.6Zr0.4O2, and Hf0.43Zr0.57O2 were 20.5 nm, 21.3 nm, and 21.1 nm respectively, as measured by spectroscopic ellipsometry. The elemental analyses of the deposited films were measured using an Oxford Instruments Energy Dispersive Spectrometer (EDS).
To investigate their radiation response, devices were irradiated at an on-site radiation response probe station system with a 662-KeV Cs 137 γ-ray radiation source [22] . After taking into account the dose enhancement effect, the dose rate of HfO2 and HfxZr1-xOy thin films was 0.119 × 10 -3 krad/s (SiO2). A total dose up to 45 krad (SiO2) was applied to devices with a constant gate bias of 0.5 V or -0.5 V. During the biased irradiation, oxide and interface charge trapping behaviors of HfxZr1-xOy thin films were revealed by analysis of Capacitance-Voltage (C-V) curves at the frequency of 1 MHz. The C-V and Current-Voltage (I-V) measurements were carried out using a HP 4284 Precision LCR meter and an Agilent B1500A Semiconductor Device Analyzer.
III. RESULTS AND DISCUSSIONS

Pre-radiation and Pre-bias Characteristics
The atomic ratios of the HfxZr1-xOy thin films investigated are shown in Table. I. Sample A was grown with the Hf:Zr deposition ratio of 1:1, (i.e. every HfO2-H2O cycle followed by a ZrO2 -H2O cycle), while the deposition ratio for sample B was 3:1. It can be observed that the atomic ratios of the thin films are 0.43:0.57 and 0.6:0.4 (Hf:Zr) for sample A and sample B, respectively. This indicates that the deposition rate of ZrO2 is higher than that of HfO2. Moreover, no measurable impurity has been observed in the deposited films.
The impact of Zr composition in HfxZr1-xOy gate dielectrics on their leakage behavior are exhibited in Fig. 1 . It is shown that the gate leakage density is increased with the increasing of Zr composition in gate oxide. This can be explained by the smaller band gap and lower band offset of ZrO2 compared with HfO2. The higher leakage current density of ZrO2 is identical to previous reports for HfxZr1-xOy dielectric deposited on Si substrate [7] . The effects of the surface passivation of Ge on the leakage behavior in HfxZr1-xOy MOS capacitors is also shown in Fig. 1 . It can be observed that the leakage current is decreased after the sulfur treatment of Ge surface. Mao et al. have reported that the density and location of interface traps at dielectric/Si surface have significant effects on gate leakage current [23] . It was also reported that the passivation of Ge surface can result in the formation of high-k/S/Ge stack , thus decreasing the interface traps [15] . Therefore, the improved leakage characteristics in sulfur passivated samples can be attributed to the reduction of interface trap density. However, the leakage behavior of the MOS capacitors cannot fully identify the impact of sulfur treatment and Zr composition on Ge interface states. It is necessary to investigate the interface defects by evaluating bias instability of the MOS capacitors via their C-V characteristics. Fig. 2 shows the C-V characteristics of Ge MOS capacitors with various Zr-compositions of HfxZr1-xOy gate dielectrics. The result indicates that higher dielectric constants can be observed in Zr-doped HfxZr1-xOy thin films. It can be understood that the addition of ZrO2 into HfO2 gate oxide stabilizes the tetragonal phase and shows higher dielectric constant, whereas the HfO2 exhibits monoclinic phase as opposite to ZrO2 [7, 8] . Smaller hysteresis was extracted from the C-V curves of MOS capacitors with Hf0.43Zr0.57O2 and Hf0.6Zr0.4O2 dielectrics. The hysteresis between the ramped up and ramped down of C-V curves was originated from part of the defects in high-k dielectrics which can be repeatedly neutralized and recharged by charge injection from the substrate [24, 25] . Therefore, the results imply that Zrcontaining HfO2 gate dielectrics has fewer cyclic charged traps or border traps compared with HfO2. In addition, the gate ZrO2 doped dielectrics shows a positive flat-band voltage shift (ΔVFB) compared with HfO2, which may be attributable to the presence of pre-existing electron traps or the lack of positive charges in ZrO2.
Bias Instability
As discussed in our earlier work, the ΔVFB of irradiated devices under electric field is attributed to the combined effect of radiation-induced and bias-induced charge trapping in dielectrics [26] . In order to separate the bias-instability and radiation-caused shifts, the ΔVFB of the devices under electric field without radiation exposure was observed [19, 27, 28] . Fig.  3 illustrates the ΔVFB of Ge MOS capacitors with various Zrcontaining HfxZr1-xOy gate dielectrics. The ΔVFB were estimated by C-V measurements under -0.5 V or 0.5 V without irradiation (W/O). The inset of Fig. 3 illustrates representative CV curves of Hf0.6Zr0.4O2 before and after different bias conditions. Under positive bias (PB), HfxZr1-xOy with various Zr compositions all exhibited positive ΔVFB up to 0.38 V. As the ΔVFB was attributed to the combined effect of net oxide trapped charges and interface traps at the Ge/high-k interface, this positive ΔVFB of HfxZr1-xOy gate dielectrics was induced by electron tunneling from the Ge substrate to form negatively charged states and/or the build-up of interface traps. In addition, the ΔVFB of the capacitors increases with the increase of Zr composition in HfxZr1-xOy. This result indicates that HfO2 dielectrics exhibits relative low electron trap density or interface trap density compared with that of ZrO2. Negative bias (NB) applied on the HfxZr1-xOy capacitors for more than 130 hours without irradiation resulted in negative ΔVFB up to -0.18 V. No significant discrepancy of ΔVFB was observed for HfxZr1-xOy thin films with various Zr compositions. This can be explained by an approximately equal density of both net positive oxide trapped charges and interface charges for HfO2 and ZrO2. However, as shown in the following results (Fig. 4) , it seems more probable that the combined effect of oxide and interface charge trapping is the dominant cause for the identical ΔVFB obtained under NB.
In order to determine the charge trapping behavior in HfxZr1-xOy gate dielectrics under pure bias conditions, oxide trap density (ΔNot) and interface trap density (ΔNit) was calculated from the C-V curves used in the extraction of ΔVFB in Fig. 3 . J. A. Felix et. al reported that the mid-gap voltage shift (ΔVmg) of MOS capacitors is mainly affected by the oxide trapped charges in dielectrics during the irradiation exposure [15, 16] . In other words, the variations of net oxide trapped charge density (ΔNot) of HfxZr1-xOy in this study can be calculated from the ΔVmg of Ge MOS capacitors. Using the value of ΔVmg, the ΔNot can be estimated by equation (5) [15]
where ΔVmg is the mid-gap voltage shifts obtained from C-V curves, Cox is the gate capacitance of MOS capacitors, -q is the electronic charge, and A is the electrode area. The gate capacitance of MOS capacitors was obtained from C-V measurement. The electronic charge is fixed and the electrode area is determined by the evaporation processes before the irradiation exposure. Therefore, the ΔNot can be calculated by the variations of mid-gap voltage. Similarly, it was also reported that flat-band voltage shift (ΔVFB) was determined by the combined effect of oxide the effects of interface trapped charges on ΔVFB, the effects trapped charges and interface trapped charges. To evaluate from oxide trapped charges need to be removed. As reported in the literature, the interface trap densities can be calculated from midgap-to-flatband stretchout of C-V curves by equation (6) 
where ΔVFB is the flat-band voltage shift obtained from C-V curves, ΔVmg is the mid-gap voltage shifts obtained from C-V curves, Cox is the gate capacitance of MOS capacitors, and -q is the electronic charge, and A is the electrode area. Therefore, the ΔNit can be calculated by the variations of ΔVmg and ΔVFB. Fig. 4 (a) shows the ΔNot as a function of stress time for both positive bias (PB) and negative bias (NB). The result indicates that the density of negative oxide trapped charges increases in magnitude with increasing Zr composition in HfxZr1-xOy during PB. Under PB, electrons are injected from Ge substrate, the electron traps near the interface can trap the tunneling electrons and forming negative oxide trapped charges. These negative oxide trapped charges near the Ge/dielectric interface would have significant effect on mid-gap voltage and ΔNot. Therefore, the higher ΔNot of ZrO2 indicates that the negative oxide trap density in ZrO2 is higher than that of HfO2. It was also reported that the possible oxide trap centers in HfO2 and ZrO2 are related to oxygen vacancies and interstitials (O 0 /O -) [29] . Since the oxygen vacancies in high-k dielectrics behave as negative oxide traps, the larger ΔNot of Zr-containing dielectrics under PB can be attributed to the higher density of oxygen vacancies in ZrO2.
With regard to NB, ΔNot of HfO2 was larger than that of Zrcontaining HfxZr1-xOy. The result indicates that the density of positive oxide trapped charges decrease with increasing Zr composition in HfxZr1-xOy during PB. Under PB, holes are injected from Ge substrate, the pre-existing hole traps near the interface can trap the tunneling holes and forming positive oxide trapped charges. The result indicates that more preexisting hole traps are located in HfO2 compared with ZrO2. In summary, larger ΔNot for Zr-containing dielectrics under NB is attributed to the higher density of oxygen vacancies in ZrO2, while higher ΔNot for HfO2 under PB can be attribute to the larger density of pre-existing hole traps in HfO2. Fig. 4 (b) shows the ΔNit for Ge MOS capacitors with HfxZr1-xOy gate dielectrics under PB and NB. The interface trap density of HfxZr1-xOy with various Zr compositions was all increased during PB. This can be attributed to the build-up of Ge dangling bonds at Ge/dielectrics interface. It has been reported that the passivation of Ge surface by sulfide can result in Ge-S bonds and thus decrease the interface traps [12, 16] . Moreover, it is suggested that H + protons generated at the anode by positive bias can drift to the Ge interface and break the passivated Ge-S bonds as shown in Fig. 5 [12, 27, 30] . One possible reaction of the formation of an interface trap is shown in (7), Ge -S + 2 H +  Ge + + H2S
therefore, the depassivation of passivated Ge-S bonds under positive bias can lead to an increase in interface trap density for Ge MOS capacitors. In addition, more interface traps were generated in Zr-doped HfxZr1-xOy compared to HfO2. The larger ΔNit of Zr containing HfxZr1-xOy suggested that ZrO2 tended to present more hydrogen-related species than HfO2. With regard to NB, ΔNit of HfxZr1-xOy with various Zr compositions are also increases in magnitude, but has a negative sign. In this case, Ge dangling bonds at the interface were passivated. Moreover, it can be observed that more passivated dangling bonds are generated in Zr-doped HfxZr1-xOy. However, the source for passivation and related mechanisms are not fully understood yet. The difference of ΔNit between the different devices suggested that the source for passivation of dangling bonds was likely from the oxide, but not hydrogen in Ge.
Interface trap density (Nit) of the pristine oxides is calculated by the conductance method proposed by Nicollian and Goetzberger in 1967 [31] . The technique is based on measuring the equivalent parallel conductance Gp of an MOS capacitor as a function of bias voltage and frequency. The conductance, representing the loss mechanism due to interface trap capture 
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Nit at - and emission of carriers, is a measure of the interface trap density. Capacitance-Voltage (C-V) curves were measured first to determine the mid-gap voltage and oxide capacitance (Cox). Then the conductance-frequency (Gm-f) curves and capacitance-frequency (Cm-f) curves of HfxZr1-xOy thin films were measured at determined mid-gap voltage. The frequency range was from 15 kHz to 1 MHz. All curves were measured using a HP 4284 Precision LCR meter. The ω was calculated by equation (3) [32]
where ω=2πf, Gm is the measured conductance, Cox is the oxide capacitance, Cm is the measured capacitance. Then an approximate expression giving the interface trap density in terms of the measured maximum conductance is given by equation (4) [31]
where Nit is the interface trap density of the pristine oxides. The calculated Nit are listed in Table. II. Table. II indicates that the interface trap density increases with the increasing of Zr composition in gate oxide. The result has a good agreement with the discussion of leakage behavior, the improved leakage characteristics in sulfur passivated and Zr contained samples can be attributed to the reduction of interface trap density. In order to further identify the variation of Nit, the Nit as a function of stress time for HfxZr1-xOy S-passivated thin films under -0.5V or 0.5V electric field without radiation were shown in Fig. 6 . Similar to the result obtained in Fig 4 (b) , the Nit of HfxZr1-xOy with various Zr compositions was all increased during PB, while the Nit of the HfxZr1-xOy MOS capacitor was all increased in magnitude during NB.
Biased Irradiation Response
A total dose up to 45 krad (SiO2) was applied to devices with a constant gate bias of 0.5 V or -0.5 V. This study has been focused only on the relative low-dose-rate radiation response of Ge MOS capacitors with HfxZr1-xOy. That is because the advanced microelectronics devices and circuits used in aerospace engineering are unavoidably exposed to space-like radiation, which has a relatively low radiation dose rate at 10 -5 -10 -9 krad (SiO2)/s. Therefore, the dose absorption rate for dielectrics in this study is 0.119 × 10 -3 krad/s (SiO2). However, if a total dose of 1 Mrad (SiO2) is applied to HfxZr1-xOy thin films under the present radiation source, more than 90 days gamma-ray radiation exposure needs to be performed at this stage. Some uncertain risks are able to have significant effects to the on-site measurements system during the relative longterm test, such as probe shifts, uncertain temperature and humidity. The stress voltage and the sweeping voltage were alternately applied to the MOS device during the biased irradiation tests. The irradiation exposure was uninterrupted during measurement. During the biased irradiation, the CV measurements were employed to investigate the charge trapping mechanism of HfxZr1-xOy film at each total dose level. The C-V curves were measured by an on-site radiation response testing system at room temperature. Fig. 7 (a) shows the ΔVFB for Ge MOS capacitors with various HfxZr1-xOy dielectrics irradiated to 45 krad (SiO2) total dose at 0.5 V, -0.5 V and 0V. The inset of Fig. 7 (a) illustrates representative CV curves of Hf0.6Zr0.4O2 before and after biased irradiation. Positive biased irradiation (PBI) on the devices for more than 130 hours resulted in positive ΔVFB up to 0.58 V. Comparing to the result obtained from Fig. 3 , larger ΔVFB was extracted under radiation exposure for HfO2 and Hf0.6Zr0.4O2. However, the ΔVFB of Ge MOS capacitors with Hf0.43Zr0.57O2 thin films after PBI exposure is not changed significant compared to that of pure positive bias. In addition, the ΔVFB of the irradiated capacitors under PBI decreased with the increasing of Zr composition in HfxZr1-xOy. On the other hand, the ΔVFB of the irradiated capacitors under PBI decreased with the increasing of Zr composition in HfxZr1-xOy, which has an opposite trend compared with that of un-irradiated capacitors. Since the radiation-induced ΔVFB of HfxZr1-xOy dielectrics is determined by the density of oxide traps and interface states, the related charge trapping behavior is investigated and shown in Fig. 7 (b) and (c), respectively.
Under PBI, HfxZr1-xOy with various Zr compositions all exhibited the presence of net negative oxide trapped charges as indicated in Fig. 7 (b) . Values of these ΔNot were larger than the pure PB results in Fig. 4 (a) . This enhancement was mainly caused by the net radiation-induced negative trapped charges in HfxZr1-xOy. However, the effect of oxide trapped charges to devices is more significant when the location of these charges are closer to the high-k/Ge interface, and the radiation-induced holes are likely to transport to high-k/Ge interface under positive bias [33] . The PBI exposed to HfxZr1-xOy dielectrics is expected to induce more hole trapping. Therefore, the presence of net negative trapped charge during PBI suggests that the density of electron traps in HfxZr1-xOy is much larger than hole traps. On the other hand, similar to the results in Fig. 4 (a) , the density of negative oxide trapped charge increases with increasing Zr composition in HfxZr1-xOy. These results point to the fact that more oxygen-vacancy are located in ZrO2 compared with HfO2, which was observed in Fig. 4 (a) . The ΔNit of the Ge MOS capacitors under PBI is shown in Fig. 7 (c) . HfxZr1-xOy with various Zr compositions all exhibited the build-up of Ge dangling bonds. Under PBI, electron-hole pairs (EHPs) can be generated and transported toward Ge substrate. During the transportation of radiation-induced holes, H + protons can be released from the HfxZr1-xOy dielectrics, Hf-H, Zr-H bonds, and sub-oxide bonds [27] . As discussed in Fig.  4 (b) , these H + protons move to the Ge interface and break the passivated Ge-S bonds, forming Ge dangling bonds. Besides, the irradiation exposure can also directly break the Hf-H, Zr-H dangling bonds, or other bonds associated with hydrogen. The ΔNit of HfO2 in Fig. 7 (c) is larger than it is observed without irradiation, whereas no significant discrepancy can be found for Zr-doped HfxZr1-xOy. The results indicated that more H + protons were generated in HfO2 during PBI than that of ZrO2, which was in contrast to the pure PB results. The results also suggested that more radiation-induced holes were generated in HfO2, leading to higher concentration of H + protons during the transportation of holes. Another possible explanation is that Zr-H bond has a higher bond energy, meaning that the Zr-H bonds in ZrO2 are less susceptible to breaking by irradiation exposure and exhibited a lower density of H + protons. Considering the results obtained in Figs. 7 (a)-(c) , the large radiation-induced ΔNit under PBI, is the predominant cause for ΔVFB in Ge MOS capacitors with HfO2. Conversely, the radiation response for Zr-containing dielectrics under positive bias is mostly affected by oxide traps. Comparing to the results evaluated in our previous study, the ΔVFB evaluated in HfO2 Ge devices is 7~8 times larger than that of Si devices, which is attributable to the large density of interface traps at the HfxZr1-xOy / Ge interface that can result in significant effects on ΔVFB.
ΔVFB, ΔNot, and ΔNit of the Ge MOS capacitors under negative biased irradiation (NBI) was also presented in Figs. 7 (a)-(c). After a total dose exposure up to 45 krad (SiO2), a maximum ΔVFB of -0.19 V was observed, which was comparable to the results extracted in Fig. 3 . The ΔVFB of the irradiated capacitors increased in terms of magnitude with the increasing of Zr composition in HfxZr1-xOy. As discussed above, this trend is likely associated with the combined effect of oxide and interface traps. In contrast to bias effects alone, the ΔNot of HfxZr1-xOy dielectrics under NBI, indicated the presence of net negative oxide trapped charge after the total dose of 10 krad. Under NBI, the ΔNot of Hf0.6Zr0.4O2 increases when the total dose is smaller than 1 krad and decreases when the total dose is larger than 1 krad. This trend is likely associated with the combined effect of radiation-induced negative oxide traps and bias-induced positive oxide traps under NBI.
Comparing to the result of ΔNot for Hf0.6Zr0.4O2 extracted under pure bias in Fig. 4 (a) , the results in Fig. 7 (b) indicated the presence of negative oxide trapped charges. For Hf0.6Zr0.4O2 thin films, the accumulation of net positive charges was observed at a total dose smaller than 1 krad. However, the density of the net positive charges in Fig. 7 (b) was lower than it was observed in Fig. 4 (a) . The result suggested that both biasinduced hole traps and radiation-induced electron traps dominated the oxide charge trapping of Hf0.6Zr0.4O2 under NBI at low dose level. At a total dose larger than 10 krad, more net negative oxide trapped charges was observed in Hf0.6Zr0.4O2 compared with lower dose. The radiation response at this dose level was mainly affected by radiation-induced negative oxide trapped charges, which can be result in the decreasing of ΔNot. The ΔNot of HfxZr1-xOy under NBI also supported the results observed under PBI, the presence of net negative trapped charges during PBI suggested that the density of electron traps in HfxZr1-xOy is much larger than hole traps.
The full red markers in Fig. 7 (c) represent the ΔNit of Hf0.6Zr0.4O2 under negative bias irradiation (NBI). Under NBI, ΔNit of HfxZr1-xOy was increased in relative low dose level, while it was decrease at high does level. As discussed in section 3.2 (Bias instability), the passivation of Ge dangling bonds can lead to a decrease in interface trap density for Ge MOS capacitors, while the depassivation of passivated Ge-S bonds can lead to an increase in interface trap density for Ge MOS capacitors.
At a dose level smaller than 0.1 krad, the depassivation of passivated Ge-S bonds can be attributed to the H + protons drift from Ge substrate under negative bias [27] . At a total dose level larger than 0.1 krad, the passivation of Ge dangling bond dominated the interface trap density of Ge MOS capacitors. The result suggested that a large density of radiation-induced electrons are generated in oxide and transported to Ge interface to suppress the de-passivation reaction (reaction (7)) during NBI. As discussed in Section 3.2, in order to further identify the variation of Nit, the Nit as a function of stress time for HfxZr1-xOy S-passivated thin films under -0.5V or 0.5V biased irradiation were shown in Fig. 8 . Similar to the result obtained in Fig. 7 (c) , the Nit of HfxZr1-xOy with various Zr compositions was all increased during PBI, while the Nit of the HfxZr1-xOy MOS capacitor was all increased in magnitude during NBI. Fig. 9 shows the I-V characteristics of MOS capacitors with Hf0.43Zr0.57O2 and Hf0.6Zr0.4O2 gate dielectrics before and after the irradiation exposure. The result indicates that no significant discrepancy of leakage gate current can be observed before and after the irradiation exposure for both Hf0.43Zr0.57O2 and Hf0.6Zr0.4O2 capacitors. The result in Fig. 9 has a good agreement with the results obtained in literature, which indicated that gate leakage current of MOS devices is insensitive to irradiation exposure. It was suggested that the radiation-induced oxide and interface trapped charges had no significant effects on leakage current. Another possible explanation is that the HfxZr1-xOy thin films is relative thick (~20nm). The irradiation exposure has no significant effect on the leakage behavior of MOS capacitors with high-k dielectrics larger than 10 nm. It is reported the radiation can induce leakage current in ultra-thin gate oxides (4-7nm) [34] [35] [36] . Electrons can tunnel through the oxide and be mediated by neutral oxide defects at low oxide field, which caused radiation induced leakage current [34] [35] [36] . For the relative thick gate oxide, the radiation induced charges is difficult to tunnel the dielectric and enhance the gate leakage current.
IV. CONCLUSIONS
We have examined the radiation response of Ge MOS capacitors with HfxZr1-xOy (0.43<x<1) gate dielectrics under positive and negative bias. Gate leakage current density increased with the increasing of Zr composition in gate oxide, and decreased with the sulfur treatment of Ge surface. The density of negative oxide trapped charge increases in magnitude with increasing Zr composition in HfxZr1-xOy during PB. Under NB, ΔNot of HfO2 was larger than that of Zr-containing HfxZr1-xOy. In addition, the difference of ΔNot between Hf0.43Zr0.57O2 and Hf0.6Zr0.4O2 was negligible. This implies that the concentration of oxygen vacancies and hole traps in Zrcontaining HfxZr1-xOy is not strongly dependent on Zr composition. More interface traps were generated in Zr-doped HfxZr1-xOy compared to HfO2 under PB, which suggests that ZrO2 presented more hydrogen-related species than HfO2. Under PBI, the Zr-doped HfxZr1-xOy exhibited smaller ΔVFB than that of HfO2. This is attributed to the de-passivation of Ge-S bonds in capacitors incorporating HfO2 thin films, resulting in the build-up of interface traps. Under NBI, ΔVFB was dependent on the combined effect of the net oxide trapped charge and interface traps at the Ge/high-k interface. The ΔVFB evaluated in HfO2 Ge devices is much larger than that of the Si devices evaluated in our previous study. This can be explained by the large number of interface traps between the dielectric and the Ge substrate. This work demonstrated that HfxZr1-xOy may be a promising candidate for space microelectronics in specified bias conditions. However, the biased radiation environment is quite challenging for Ge devices, and future work will be required to identify the radiation hardness of these devices.
